Introduction
============

The supply of vegetable oils today relies upon only a few crops: palm oil (*Elaeis guineensi*s), soybean (*Glycine max*), oil-seed rape (*Brassica napus*), and sunflower (*Helianthus annuus*), which in 2007 accounted for 83% of total world production (FAOSTAT, 2008). Increased knowledge of oil metabolism in plants is therefore of crucial importance for the development of novel oil crops required to meet the future demands for a sustainable and increased plant oil production.

The endosperm of cereal grains is one of the most important biological structures used for food and feed. Oat (*Avena sativa* L.) is unique among the cereals due to its high content of oil in relation to starch and protein ([@bib40]; [@bib2]). Oat varieties differ in oil content between 2% and 18% ([@bib10]; [@bib38]; [@bib17]; [@bib53]; [@bib30]), whereas, in other cereals (i.e. wheat; *Triticum aestivum*, barley; *Hordeum vulgare*) this range is limited to 2--3% ([@bib40]; [@bib38]). Although the highest oil concentrations in the oat grain are found in the aleurone layer and embryonic axis, these tissues represent a small proportion of the whole grain, and the main part of the oil reserve is found in the endosperm cells ([@bib39]; [@bib18]; [@bib38]; [@bib53]; [@bib4]). Maize, the only cereal which has a similar high grain oil content to oat, accumulates the oil mostly in the embryo, not in the endosperm ([@bib29]). Thus, oat is a unique model plant to study different aspects of oil synthesis, storage, and degradation in the endosperm of cereals.

During germination of cereals, nutrients stored in the endosperm are degraded by enzymes synthesized and secreted from the aleurone and scutellum tissues, resulting in transportable nutrient molecules that are transferred through the absorptive scutellum to nourish the growing embryo ([@bib16]). Due to its importance to the malting and food industry, both starch degradation into sugars and protein degradation into amino acids in the cereal endosperm during germination have been extensively studied ([@bib5]; [@bib16]; [@bib54]). However, there have been few studies on oil degradation during germination of cereals, and in oat they have only concerned how oil and its degradation products cause processing difficulties in the food industry (for a review, see [@bib28]). Therefore, it is still not known how, and if, the energy trapped as oil in the endosperm of cereals is supplied to the growing embryo during germination. Starch is normally considered to be the major energy source for the germinating cereal grain. Increased oil content in oat grains has been shown to be negatively correlated to starch ([@bib17]). Therefore, knowledge about the capacity of the cereal grain also to utilize the oil reserves efficiently during germination is of importance for the breeding of high-oil cultivars of cereals.

To mobilize energy stored as seed oil \[triacylglycerol (TAG)\], the action of lipases must first release the esterified fatty acids (FAs) from TAG. Free fatty acids (FFAs) can then be degraded through the β-oxidation and glyoxylate cycles and subsequently converted into sugars ([@bib11]; [@bib19]). In dicot seeds, the oil reserve is mainly stored in the embryo (as in oil-seed rape) or in the endosperm (as in castor bean; *Communis ricinis*), and FFA degradation in both of these tissues occurs in the specialized peroxisomes called glyoxysomes ([@bib6]; [@bib23]). However, since the endosperm of monocot cereal grains goes through programmed cell death upon maturation ([@bib52]), this tissue lacks peroxisomes and can therefore not serve as a site for FFA degradation during germination. Moreover, previous studies have shown that the oil in the endosperm of oat fuses upon maturation of the grain whereas, in the other tissues, it exists as discrete oil bodies ([@bib4]; [@bib20]). Oil bodies are thought to be a form of oil storage that enhance oil degradation due to the larger surface area available for enzymatic attack ([@bib21]; [@bib42]). The fused oil bodies in the endosperm of mature oat grains could therefore indicate that this oil might be a dead-end product which is not available as an energy source during germination. It has been reported in previous studies of barley that lipases secreted from the scutellum into the endosperm ([@bib26]) can explain how TAG could be converted into FFAs in the cereal endosperm. However, this still leaves questions about the fate of the FFAs in the oat endosperm during germination.

The aim of this study, was to add understanding of how oil and other lipid classes in different parts of the cereal grain are mobilized during germination. Lipid mobilization was compared with changes in starch and sugar content. Similarities to and differences from other plant species with oil reserves in the endosperm are discussed.

Materials and methods
=====================

Plant material, germination conditions, and sampling
----------------------------------------------------

Field-grown material from a high-oil oat cv. Matilda (10% oil) and a medium-oil cv. Freja (6% oil) that both share the same parental lines (Svalöf Weibull AB, Svalöv, Sweden) were dehulled manually before analysis. Grains with weights of 31--37 mg were included in the analyses. To provide germination conditions, the grains were placed on moistened layers of paper tissues in Petri dishes, wrapped in aluminium foil, and kept in darkness at room temperature. Sampling was done after 2 h (0 days or 'non-germinated'), and at 1, 2, 4, 7, and 10 days after imbibition (DAI). Each grain was dissected using a scalpel to separate embryo+scutellum from the endosperm. Since it was not possible to separate the embryo+scutellum properly from the endosperm from non-germinated grains (without including endosperm tissue), only the endosperm tissue was analysed for the amount of starch at this time point. However, lipid analyses were also carried out on embryo+scutellum samples at this time point since the dense oil concentration in this part of the grain was regarded not to be significantly affected by the oil from the contamination of endosperm (estimated to be at most 10%). Shoots and roots were considered as a product of the developing embryo during germination and therefore were included in the 'embryo+scutellum' sample. However, at the last time point (10 DAI) no embryo+scutellum samples were taken because shoots and roots were too difficult to handle. To estimate the contribution of lipids and carbohydrates from the scutellum in the embryo+scutellum, scutellum samples were dissected without the embryo in parallel on a separate set of grains at 0, 1, 2, 4, 7, and 10 DAI. Samples were either frozen in liquid N~2~ and stored at --80 °C prior to lipid analysis (six grains per replicate) or dried at 80 °C for dry weight (DW), starch, and sugar determination (three grains per replicate). Three replicates were sampled for both lipid and carbohydrate analyses. For microscopy, samples were collected at 1 and 4 DAI. Data from the high-oil cv. Matilda are presented here, while data from medium-oil cv. Freja can be found as [Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) at *JXB* online.

Lipid analyses
--------------

Total lipids were extracted according to [@bib8] with the difference that 1 mM ethylenediaminetetraacetic acid (EDTA) in 0.15 M acetic acid (HAc) was added to prevent lipase activity. To determine lipid class content and FA composition, total lipids were separated and analysed using thin-layer and gas--liquid chromatography (GC) as described previously ([@bib30]). Lipid amounts in grains are given as nmol FA per grain determined by using methyl-heptadecanoate as an internal standard in GC analysis of the methyl esters (FAME) for all FAs. FA profiles of the different lipid classes are given as mol% of the total amount of FAs in the lipid class.

Carbohydrate analyses
---------------------

Starch and sugar (sucrose, [D]{.smallcaps}-glucose, and [D]{.smallcaps}-fructose) determinations were conducted enzymatically using two kits: Megazyme K-TSTA 01/05 (amyloglucosidase/α-amylase method for starch determination) and Megazyme K-SURFG 12/05 (for the measurement of [D]{.smallcaps}-glucose, [D]{.smallcaps}-fructose, and sucrose) (Megazyme, Wicklow, Ireland). Sugars were extracted from dried samples by homogenizing and boiling in 80% ethanol. After centrifugation, the pellet was washed in ethanol and then immediately used for starch analysis according to the supplier\'s manual. The ethanol extract containing free sugars was kept at --20 °C until sugar analysis was performed according to the manual.

Light and transmission electron microscopy
------------------------------------------

Grains at two time points (1 and 4 DAI) of cv. Matilda were used for light microscopy (LM) analyses. Samples of the proximal part of the grain, including the embryo and scutellum, and whole grains were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 100 mM phosphate buffer (pH 7.2) at room temperature with rotation at 100 rpm for 4--12 h depending on the sample size. After washing with buffer (3× 15 min) the samples were post-fixed in buffered 2% OsO4, rinsed with buffer (3× 10 min) and dH~2~O (3× 20 min), dehydrated in acidified 2,2-dimethoxypropane, followed by three acetone--Spurr epoxy series before being embedded in fresh Spurr epoxy resin ([@bib44]) and polymerized at 70 °C for 20 h (low viscosity kit, Ted Pella Inc., Redding, CA, USA). Semi-thin sections of 2 μm were cut and placed on object slides (SuperFrost Plus, Menzel-Gläser, Braunschweig, Germany) and stained with methylene blue--azur A--safranin O (MAS; [@bib49]) or Sudan Black (SB; [@bib35]) as described previously ([@bib20]). Structural studies with TEM using the same material as for LM were performed as in [@bib20].

Results
=======

Changes in dry weight, starch, and sugar content during germination
-------------------------------------------------------------------

The nutrients stored in the endosperm of oat grains were depleted after 10 d of germination with the most drastic decrease of endosperm DW and starch between 2 and 4 DAI ([Fig. 1a, b](#fig1){ref-type="fig"}). The DW of growing tissues (i.e. embryo and scutellum) increased more or less steadily during germination ([Fig. 1c](#fig1){ref-type="fig"}, e) while the starch content of these tissues first increased (up to 4 DAI) after which it decreased in the scutellum ([Fig. 1d, f](#fig1){ref-type="fig"}). The pattern of starch accumulation in the scutellum of oat grains found in this study with a sharp peak at 4 DAI is in line with previous studies where the pattern of accumulation and consequent degradation of starch granules in the scutellum of germinating seeds from several grasses was observed ([@bib43]; [@bib32]).

![Dry weight (DW, a, c, e) and starch amount (b, d, f) in the endosperm, embryo+scutellum, and scutellum of germinating oat grains of high-oil cv. Matilda. Results are mean values ± standard deviation of three samples.](jexboterq141f01_lw){#fig1}

Sugars (fructose, glucose, and sucrose) were non-detectable or present at very low levels in non-germinated oat grains ([Fig. 2](#fig2){ref-type="fig"}). Glucose and sucrose started to accumulate in all tissues after a few days of germination, whereas fructose mostly accumulated in the embryo ([Fig. 2](#fig2){ref-type="fig"}). Glucose (which together with maltose is the major product of starch degradation in cereal grains; [@bib7]; [@bib3]) accumulated in the endosperm and peaked at 4 DAI when it constituted 3% of total endosperm DW ([Fig. 2d](#fig2){ref-type="fig"}). This peak in glucose content correlated well with the time point when the major part of the starch reserve in the endosperm was depleted ([Fig. 1b](#fig1){ref-type="fig"}). Between 4 DAI and 7 DAI, the amount of glucose in the endosperm dropped significantly and was depleted after 10 d of germination ([Fig. 2d](#fig2){ref-type="fig"}). Since it is unlikely that sucrose and fructose could be synthesized in the endosperm of germinating oat grain, the most probable explanation of their presence in the endosperm is leakage of these sugars from surrounding living cells of the scutellum and aleurone layer.

![Sugar content in endosperm, embryo+scutellum, and scutellum of germinating oat seeds of high-oil cv. Matilda. Sucrose (a, b, c), [D]{.smallcaps}-glucose (d, e, f), and [D]{.smallcaps}-fructose (g, h, i). Results are mean values ±SD of three samples.](jexboterq141f02_lw){#fig2}

Mobilization of lipids during germination
-----------------------------------------

Mobilization of endosperm TAG reserves (∼8000 nmol FA grain^−1^) during germination of oat grains started 2 DAI, and at 10 DAI there was 20% of the initial amount left ([Fig. 3a](#fig3){ref-type="fig"}). Compared with TAG, other complex lipids \[polar lipids (PLs) and diacylglycerol (DAG)\] were present at much lower levels in the endosperm in non-germinated grains and were more or less degraded during germination ([Fig. 3a](#fig3){ref-type="fig"}). However, the amount of FFA in the endosperm increased at 2 DAI and reached levels of 1300 nmol FA grain^−1^ at 10 DAI ([Fig. 3a](#fig3){ref-type="fig"}). Thus the loss of lipids (mainly TAG) in the endosperm was much larger than the amount of FFAs that accumulated in this tissue. This indicates that the FAs from lipid degradation in the endosperm either were transported from or degraded within this tissue. Another explanation could be direct uptake of endosperm TAG by the scutellum.

![Lipid content in endosperm (a), embryo+scutellum (b), and scutellum (c) of germinating oat seeds of the high-oil cv. Matilda. Polar lipids (PL), free fatty acids (FFA), and triacylglcyerol (TAG). Results are mean values ±SD of three samples.](jexboterq141f03_lw){#fig3}

The onset of lipid degradation at 2 DAI in the endosperm coincided with the accumulation of lipids in the embryo+scutellum; not only of PLs which is expected in growing tissues but also a high level of accumulation of TAG and FFAs ([Fig. 3b](#fig3){ref-type="fig"}). The fact that accumulation of FFAs in the scutellum started at 2 DAI whereas TAG degradation in this tissue did not start until 4 DAI indicates that FFAs in the scutellum most probably originated from FAs from lipids in the endosperm ([Fig. 3c](#fig3){ref-type="fig"}). The high levels of FFA in living cells as seen in the embryo+scutellum at 4 d and 7 d were unexpected since FFAs are potential detergent molecules. We therefore carried out investigations to determine if the extraction method could give rise to these FFAs by action of esterases on complex lipids and acyl-CoAs. However, no significant production of FFA could be seen from radioactive lipids or acyl-CoAs added to the frozen grain tissues just prior to extraction (results not shown).

The accumulation of PLs in the embryo+scutellum during germination was confined to the embryo since the scutellum alone did not contain any high levels of PLs during germination ([Fig. 3b, c](#fig3){ref-type="fig"}). Due to the high accumulation of lipids in the embryo+scutellum, the net loss of lipids from the whole grain (either in respiration or by conversion to other metabolites) during the first 7 d of germination was only 23%.

During the first day of germination, the TAG in the embryo+scutellum was degraded with no concomitant accumulation of FFA anywhere in the grain. The decrease of TAG reserves in the scutellum did not start until 4 DAI (assuming that TAG was not degraded in the scutellum during the first day of germination as reported for wheat; [@bib45]) and at 10 DAI there was still 70% of the initial amounts left ([Fig. 3c](#fig3){ref-type="fig"}). The TAG left in the embryo+scutellum tissue at 1 DAI was mainly located in the scutellum ([Fig. 3b, c](#fig3){ref-type="fig"}) meaning that the major part of the TAG in the embryo was degraded early during germination of the oat grain.

Changes in FA profiles of lipids during germination
---------------------------------------------------

The FA composition of total lipid extracts from oat grains consists of three major FAs, palmitic (16:0), oleic (18:1), and linoleic acids (18:2), which altogether make up \>95% of the total FA content, and several minor FAs \[i.e. stearic; 18:0, linolenic; 18:3, avenoleic; Δ15-hydroxy-18:2^Δ9,12^, and some other hydroxy and epoxy FAs ([@bib4]; [@bib30])\]. In this study the FA profiles of the three most abundant lipid classes (TAG, FFAs, and PLs) were investigated in different tissues of oat grains during germination ([Fig. 4](#fig4){ref-type="fig"}).

![Fatty acid profiles of the three main lipid classes present in the endosperm (a--c), embryo+scutellum (d--f), and scutellum (g--i) of germinating oat seeds of the high-oil cv. Matilda. Triacylglycerol (TAG; a, d, g), free fatty acids (FFA; b, e, h), and polar lipids (PL; c, f, i). Results are mean values ±SD of three samples. Boxes and circle highlight details discussed in the text.](jexboterq141f04_lw){#fig4}

The FA profile of TAG reserves differed between the endosperm and the embryo+scutellum, but there was no or very small changes in the FA profile of TAG during germination ([Fig. 4a, d, g](#fig4){ref-type="fig"}), which is in agreement with a previous study of malted oat grains (Peterson, 1999). However, the composition of the FFAs accumulating in all tissues of the oat grains during germination changed to a pattern almost identical to that of the TAG in the endosperm ([Fig. 4b, e, h](#fig4){ref-type="fig"}). The TAG in the scutellum started to be degraded 4 DAI but the FA profile of FFAs accumulating in this tissue continued to be much more similar to that of endosperm TAG and not to that of the TAG in the scutellum itself. This is another clear indication of endosperm TAG transfer to the scutellum, either as FFAs that are released by lipases from TAG in the endosperm or as intact TAG that is immediately degraded to FFAs by lipases in the scutellum. The possibility of direct uptake of TAG into the scutellum requires immediate degradation into FFAs for two reasons: no net increase in TAG amount in the scutellum was observed ([Fig. 3c](#fig3){ref-type="fig"}); and the FA profile of this TAG did not change into a profile more similar to that of the endosperm TAG during germination ([Fig. 4a, g](#fig4){ref-type="fig"}). The large pools of FFAs in the embryo+scutellum with a FA profile similar to that of FFAs in the scutellum suggested that there was further transport of FFA from the scutellum to the embryo during germination.

Interestingly, at 4 DAI when a significant proportion of endosperm TAG had been mobilized and FFAs had started to accumulate in all tissues ([Fig. 3](#fig3){ref-type="fig"}), the FA profile of different FFA pools in different tissues of the oat grains was not the same. The FFAs in the embryo and scutellum showed an FA profile at 4 DAI very similar to that of the endosperm TAG (see boxes in [Fig. 4a, e, h](#fig4){ref-type="fig"}), whereas the FA profile of the FFA in the endosperm itself at this time was different, with a much lower 18:1/18:2 ratio (see circle in [Fig. 4b](#fig4){ref-type="fig"}). It was estimated that the FA profile of the FFA pool present in the endosperm at 4 DAI would be likely to show the combined profile of FAs released from PLs and TAG (in amounts of 30% and 70%, respectively) between 0 DAI and 4 DAI. A prerequisite for this conclusion would be that the larger amount of TAG lost during this time is transferred to the scutellum as discussed above. Therefore, even though the amount of FAs released from PLs during this time was relatively small, it still had a high impact on the FA profile of the FFA pool in the endosperm at 4 DAI. As the accumulating FFA pool in the endosperm during germination was gradually reaching a level where the contribution from PLs can be neglected, the endosperm FFAs showed a profile identical to that of the endosperm TAG at 10 DAI.

The PL fractions from different tissues of the oat grain were distinguishable from each other by having a very different FA profile especially in 18:1/18:2 ratios ([Fig. 4c, f, i](#fig4){ref-type="fig"}). The difference in FA profile of PLs in the embryo and the scutellum at later stages of germination can be explained by the fact that these tissues have different functions; the embryo develops into shoots and roots during germination, whereas the scutellum is an absorptive structure inside the endosperm. Since PLs form the cellular membranes, it is therefore not unexpected that tissues with different functions show different FA profiles of PLs.

Structural study of germinating oat grains
------------------------------------------

LM was conducted to visualize changes that occurred in the oat grain at 1 DAI and 4 DAI ([Fig. 5](#fig5){ref-type="fig"}). At later stages of germination, fixation and sectioning became almost impossible due to the soft and rather liquid texture of the oat grain interior. Two staining methods, MAS and SB were used. MAS staining shows lipids as white, proteins as dark blue/green, and starch as pink; SB staining shows lipids as black, proteins as light brown, and starch as white. The different tissues of the oat grain were identified according to [@bib18]. The contours of the scutellum, a shield-shaped absorptive organ that penetrates the oat grain along the dorsal surface ([@bib43]), can be seen through the pericarp of the grain in Supplememtary Fig. S1b, and in the longitudinal cut of the grain in [Supplementary Fig. S1e](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) available at *JXB* online.

![Light microscopy of sectioned oat grains (cv. Matilda) 1 DAI (a, c) and 4 DAI (b, d--h) post-stained with Sudan Black (a--e) and methylene blue--azur A--safranin O (f--h). (a, b) An oat grain at 1 DAI (a) and 4 DAI (b) with the aleurone layer (A), subaleurone layer (SA), and inner endosperm cells (ES), depicting oil mass (O), proteins (P), starch (S), cell walls (CW), and oil droplets (arrow). (c) An oat grain at day 1 with endosperm, depleted layer (DL), and scutellar epithelium cells (SE) tightly pressed against each other and scutellar parenchyma cells (SP) filled with dense cell material with no vacuoles or starch granules visible. (d, g) Scutellum at 4 DAI with accumulation of darkly stained material, most probably lipids, inside the epithelium cells (white arrows) and oil masses in the endosperm outside the epithelium cells (black arrows), v, vacuoles. (e, h) Scutellum epithelium cells at day 4 surrounded by a chain of droplets. (f) Lipids (white arrow) in the scutellum epithelium and parenchyma cells, and starch granules (black arrow) in parenchyma cells. Scale bars are 10\^μm. All sections were taken from the same part of the seed (the first third of the grain proximal to the embryo).](jexboterq141f05_3c){#fig5}

At 1 DAI the oil in the subaleurone and starchy endosperm cells was present as confluent masses spread out between protein and intact large starch granules ([Fig. 5a](#fig5){ref-type="fig"}), whereas the aleurone and scutellum contained distinct oil droplets as previously shown ([@bib4]; [@bib21]). At this time point, the cell walls of the endosperm cells were still intact ([Fig. 5a, c](#fig5){ref-type="fig"}), and the epithelium cells of the scutellum were tightly pressed against each other ([Fig. 5c](#fig5){ref-type="fig"}). The parenchyma of the scutellum was filled with dense material including oil droplets. No vacuoles or starch granules were visible in the scutellum at this stage ([Fig. 5c](#fig5){ref-type="fig"}).

At 4 DAI the most apparent change was the degradation of cell walls in the starchy endosperm, whereas in the aleurone layer the cell walls were still intact ([Fig. 5b](#fig5){ref-type="fig"}). In almost the entire endosperm, a major proportion of the previously large intact starch granules were now degraded into smaller granules ([Fig. 5b, d, g](#fig5){ref-type="fig"}). Moreover, the appearance of lipids in the endosperm cells in regions close to the aleurone differed from day 1. Lipids in the subaleurone cells and nearby endosperm cells seemed to have changed from the previous confluent oil masses to groups of oil droplets ([Fig. 5b](#fig5){ref-type="fig"}). At the same time, in the starchy endosperm near the scutellum, lipids could be seen as confluent masses as well as round droplets, either in close proximity to or sometimes in direct contact with the scutellar epithelium cells ([Fig. 5d, e, g, h](#fig5){ref-type="fig"}). This droplet-like lipid material could either be TAG, or a mixture of TAG breakdown products, including FFAs, released by lipases secreted from the scutellum. The fact that both staining methods (MAS and SB) stained the same particles with a dark colour could be an indication of co-localization of lipids and proteins. Moreover, accumulation of darkly stained material, most probably lipids, was observed during the germination process inside the epithelium cells ([Fig. 5d](#fig5){ref-type="fig"}). The remnants from cell walls seen at 1 DAI in the depleted layer next to the scutellar epithelium were no longer visible at 4 DAI.

At 4 DAI, the scutellar epithelium cells had become very elongated ([Fig. 5d, g](#fig5){ref-type="fig"}), with the lateral sides separated from each other, giving them a finger-like appearance as previously shown ([@bib7]). This adds to the surface area capable of intake of nutrients from the starchy endosperm. At 4 DAI, starch granules were observed accumulating in the parenchyma cells of the scutellum ([Fig. 5f](#fig5){ref-type="fig"}). At the same time, the cell content in the scutellar epithelium had become less dense (seen on both MAS and SB staining) with a concomitant appearance of vacuoles ([Fig. 5f, g](#fig5){ref-type="fig"}). The development of vascular tissues in the scutellar parenchyma at 4 DAI was obvious (not shown).

The TEM study was undertaken to get a closer view of regions where close contact between scutellar epithelium and oil droplets was observed at 4 DAI ([Fig. 6](#fig6){ref-type="fig"}). The study revealed that these oil droplets do not have distinct borders but instead are rather diffuse. No organelles (putative peroxisomes or glyoxysomes) were seen around them. The oil droplets were positioned tightly along the cell walls of scutellum epithelium cells.

![TEM of germinating oat grains at 4 DAI. (a) The oil bodies (OB) inside the scutellum epithelium cells and the oil droplets (OD, arrowheads) between the two scutellum epithelium cells (SE) are seen. Note the rather diffuse boundaries of OD compared with OB. (b) Oil droplets (OD) are seen to be attached to the cell wall (CW) of a scutellum epithelium cell (SE). Mitochondria (M) and vacuoles (V) are visible. Scale bar 0.5\^μm.](jexboterq141f06_ht){#fig6}

Comparison of nutrient reserve mobilization between two oat cultivars with different oil amounts
------------------------------------------------------------------------------------------------

The comparison of two oat cultivars with different amounts of oil and starch in the endosperm reflects if and how an increased oil content of the cereal storage tissue affects the germination process. For this purpose, oat grains of high-oil cv. Matilda were analysed in parallel with the medium-oil cv. Freja (see [Supplementary Figs S2](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1)--[S4](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) at *JXB* online). The mature grains of cv. Matilda had 44% more oil and 7% less starch in the endosperm compared with the medium-oil cv. Freja ([Figs 1b](#fig1){ref-type="fig"}, [3a](#fig3){ref-type="fig"}, [Supplementary Figs S2b, S4a](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1)).

The onset of TAG mobilization in both the endosperm and the scutellum started 1 d earlier in the medium-oil cv. Freja compared with the high-oil cv. Matilda ([Fig. 3](#fig3){ref-type="fig"}, [Supplementary Fig. S4](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) at *JXB* online). At 10 DAI all the TAG reserves in the endosperm of cv. Freja were depleted, whereas in cv. Matilda the endosperm still had 20% of the initial amounts left. The high-oil cultivar was also more efficient in accumulating lipids in the embryo+scutellum compared with cv. Freja, thus providing a much lower net loss of lipids from the whole grain during the first 7 d of germination (23% and 44% of initial amounts, in cv. Matilda and Freja, respectively, which corresponds to 2690 nmol FA grain^−1^ and 3839 nmol FA grain^−1^, respectively; [Fig. 3](#fig3){ref-type="fig"}, [Supplementary Fig. S4](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1)). The average rate of lipid transport from the endosperm between the onset of TAG degradation and 10 DAI was 46% higher in cv. Matilda compared with cv. Freja (9800 nmol FA grain^−1^ d^−1^ and 670 nmol FA grain^−1^ d^−1^, respectively).

There was a remarkable peak in starch accumulation in the scutellum of the high-oil cv. Matilda on day 4 when the scutellum contained 20% starch by DW, after which it decreased dramatically ([Fig. 1f](#fig1){ref-type="fig"}). This was in sharp contrast to cv. Freja where starch levels of the scutellum were much lower all throughout germination ([Supplementary Fig. S2f](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) at *JXB* online). However, there was a tendency towards a higher sugar content in germinating tissues of cv. Freja compared with those of cv. Matilda, especially for glucose in the embryo ([Fig. 2e](#fig2){ref-type="fig"}, [Supplementary S3e](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1)).

Discussion
==========

Mobilization of lipid reserves in the cereal grain during germination
---------------------------------------------------------------------

Very little is known about the mobilization of oil in the endosperm of cereals and in which form it is supplied as energy to the growing embryo during germination. There are three alternatives by which the oil reserves of the endosperm could be supplied to the growing embryo during germination; either as intact TAG, as FFAs (released from TAG by lipases), or as sugars (through FFA degradation by β-oxidation with subsequent gluconeogenesis), or a combination of these alternatives. Evidence for uptake of TAG in plant cells is lacking but should not be excluded. Moreover, the cereal endosperm is a dead tissue and FA breakdown through peroxisomal β-oxidation and further conversion into sugars should therefore not be possible in this tissue ([@bib52]). This is in contrast to both the aleurone layer and the scutellum of germinating cereal grains where enzymes for FFA degradation are present ([@bib36]; [@bib13]; [@bib27]; [@bib12]). Together with the fact that oil in the mature oat endosperm appears as large fused oil areas rather than oil bodies, this raises the question of whether the cereal oil reserve cannot be mobilized for use in the growing embryo during germination ([@bib4]; [@bib20]). However, the present data on germinating oat grains clearly show that the oil reserve in the endosperm is mobilized during germination and transferred to the growing tissues of the grain.

It is generally believed that the oil stored in the embryo and aleurone of cereals is mobilized early during germination before the arrival of sugars from starch degradation in the endosperm fuels embryo growth ([@bib11]). The present study showed that in oat, just like in wheat ([@bib45]), the oil stored in the embryo is mobilized at an early phase of germination, whereas the oil reserves of the scutellum are mobilized at a later stage. Since FFAs did not accumulate in the embryo (or anywhere else in the grain) during the first day of germination, it is most likely that the oil degraded in the embryo during the first day of germination was either instantly respired or converted into sugars.

The fate of the TAG reserve in the endosperm during germination
---------------------------------------------------------------

Mobilization of TAG reserves in the endosperm of oat did not start during the first day of germination as reported for wheat ([@bib45]); it started later at 1--2 DAI. This coincided with the accumulation of FFAs in this tissue with a FA profile that gradually turned identical to that of the disappearing endosperm TAG, which demonstrates the presence of lipase activity in the endosperm. In cereals, both aleurone and scutellum are thought to be possible sources of lipases ([@bib26]; [@bib47]; [@bib14]).

Taken together, the facts that, first, FFAs did not accumulate in the oat endosperm in stochiometric amounts corresponding to the quantity of TAG degradation in this tissue, and, secondly, FFAs with a profile similar to that of the endosperm TAG accumulated in both the scutellum and embryo, indicate that the oat scutellum is absorbing the FFAs released from the endosperm lipids (mainly TAG) during germination. This conclusion is supported by studies of germinating oil palm (*Elaeis guineensis*) kernel, a non-cereal monocotyledonous seed, where the release of FFAs from TAG occurs in the endosperm and the FFAs are then absorbed by the haustorium, a large absorptive structure characteristic of the palm tree family ([@bib9]; [@bib37]; [@bib1]). However, it should be mentioned that we could not exclude the possibility that endosperm TAG was instead taken up directly by the scutellum and immediately degraded into FFAs by lipases in this tissue even though evidence for such TAG transport is lacking.

The absorbed FFAs in the oat scutellum are most probably then degraded through β-oxidation and subsequently converted into sugars that can be further transported to the embryo through the scutellar vasculature as proposed for germinating wheat ([@bib3]). This is supported by the presence of β-oxidation and glyoxylate cycle activities in the scutellum of germinating maize ([@bib36]).

The observation of slower change from a PL-like to TAG-like FFA profile in oat endosperm compared with that in scutellum and embryo could be explained by two different sources of lipases in the oat grains during germination: one lipase from the aleurone cells that is mainly active towards endosperm PLs (but also to a lower extent to TAG) and one lipase from the scutellum that is mainly active towards endosperm TAG. At the onset of germination, TAG near the scutellum would then be degraded by its lipases and these FFAs are immediately absorbed, while FFAs from PLs that are degraded away from the absorptive scutellum are still present and thus influence the FA profile of the endosperm. Later, PLs are completely mobilized and only FFAs from TAG, the result of both types of lipases, are left. This hypothesis is in agreement with the suggested sources of lipases in the cereal grain during germination as discussed above ([@bib26]; [@bib47]; [@bib14]). The presence of acylhydrolases with substrate specificity towards different lipid classes including PLs, shown in algae and *Arabidopsis*, also supports this hypothesis ([@bib46]; [@bib25]; [@bib41]).

The present structural studies on oat grains also indicated an important role for the scutellum in endosperm oil utilization during germination, i.e. the uptake of lipid reserves. Specifically, it showed that the oil in the endosperm came in close contact with the epithelium cells of the scutellum during germination. Regarding the lipid compounds inside the scutellum, it cannot be concluded from this study whether they are imported FFAs or other neutral lipids such as TAG. However, according to the present quantitative analytical data they are most probably FFAs since these are accumulating while the amount of TAG is either constant or decreasing in this tissue. The spatial division of TAG catabolism between the endosperm and other parts in the monocot seed contrasts with the situation in castor bean (*Ricinus communis*), an endospermic dicotyledon, where the complete conversion of TAG to sugars takes place in the endosperm ([@bib24]; [@bib22]; [@bib34]).

Further transport of FFAs in the scutellum to the embryo
--------------------------------------------------------

The accumulation of FFAs with a FA profile similar to that of the endosperm TAG, not only in the scutellum, but also in the embryo, suggested that there was a direct transport of oat endosperm FFAs via the scutellum into the embryo. The intra- and intermembrane mechanisms for cellular lipid transport in plants are not fully understood, but both vesicular and non-vesicular transport by specific proteins exist ([@bib48]). Lipid transport between cells is a less studied phenomenon. Interestingly, the fact that phloem sap of oil-seed rape was shown to contain lipids of which more than half was in the form of FFAs but also some TAG ([@bib31]) suggests that cell--cell transport of both FFAs and TAG actually occurs in living plant tissues.

In the present study, the FA profile of accumulating TAG in the embryo during germination was different from that of both accumulating FFAs in the embryo and endosperm and TAG in the endosperm. Therefore, this accumulating TAG in the embryo is most probably neither the result of long-distance transport of TAG from the ndosperm to the embryo via the scutellum nor the result of esterification of transported FFAs from the scutellum. Rather, these FFAs in the embryo are degraded to sugars, and the accumulating TAG is the result of *de novo* synthesized FAs in the embryo.

The physical appearance of oil reserves in the endosperm changes during germination
-----------------------------------------------------------------------------------

In some endosperm regions, especially close to the scutellum, the subaleurone layer, and nearby endosperm cells, there was a shift in the appearance of oil, from confluent oil masses at 1 DAI as previously described to be present in mature oat grains ([@bib20]), to droplets at 4 DAI. As can be seen from [Fig. 6](#fig6){ref-type="fig"}, these oil droplets are unlikely to be true oil bodies surrounded by oleosins. No discrete boundaries were observed, but instead they had a rather diffuse character. Oleosins---proteins associated with oil bodies and believed to influence the size and stability of the oil bodies ([@bib33]; [@bib21]; [@bib42]; [@bib51])---are known to be present at a high level in living cells of the embryo, scutellum, and the aleurone layer, but at a much lower level in the endosperm of mature oat grains ([@bib50]; [@bib20]). The histological staining suggested that endospermal oil droplets in germinating oat grains contain proteins, but it is unlikely that oleosins are included among them. The presence of oleosins in endosperm tissues would have required these proteins to be synthesized in living tissues and transported to the endosperm during germination, which is rather unrealistic. Therefore, the proteins associated with the oil droplets in the LM study are most probably lipases hydrolysing the lipid molecules of the oil droplets.

Influence of endosperm oil amount on germination
------------------------------------------------

The comparison between two oat cultivars with different amounts of oil in the endosperm showed that germination was not negatively affected by a higher oil content under the conditions used in the present study (the biomass increase of the growing grain tissues was the same for both cultivars). The fact that the high-oil cultivar showed a higher rate of lipid transfer from the endosperm during germination compared with the medium-oil cultivar suggests that lipid transport is not limiting the transfer of energy that is trapped in lipids in the endosperm cereals during germination, at least within the range of these oil contents.
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[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) are available at *JXB* online.

[**Figure S1.**](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) Photos of oat grains of cv. Matilda showing growth of the embryo and scutellum after 0 (a), 1 (b), 2 (c), 4 (d), 7 (e), and 10 d (f) of germination. The contour of the scutellum can be seen under the pericarp (see arrow in b) and in the longitudinal cut of the grain (see arrows in e).

[**Figure S2.**](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) Dry weight and amount of starch in the endosperm, embryo+scutellum, and scutellum of germinating oat grains of medium-oil cv. Freja.

[**Figure S3.**](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) Amounts of sucrose, [D]{.smallcaps}-glucose, and [D]{.smallcaps}-fructose in the endosperm, embryo+scutellum, and scutellum of germinating oat grains of medium-oil cv. Freja.

[**Figure S4.**](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) Amounts of different lipid classes in the endosperm, embryo+scutellum, and scutellum of germinating oat grains of medium-oil cv. Freja.

[**Figure S5.**](http://jxb.oxfordjournals.org/cgi/content/full/erq141/DC1) Fatty acid profiles of the three main lipid classes present in the endosperm, embryo+scutellum, and scutellum of germinating oat grains of medium-oil cv. Freja.
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